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EXECUTIVE SUMMARY

Expressway medians provide a separation area between opposing lanes of traffic.
Crossovers in medians provide protection and control for cross and turning traffic. The objective
of this study was to provide a means for MoDOT engineers to determine whether particular high-
speed rural expressway crossovers are performing satisfactorily and, if not, to assess alternatives
for crossover design.

Design practices of other states were examined and alternative design options were
identified. The Highway Capacity Manual (HCM) approach and the CORSIM simulation
technique were compared to determine how best to identify appropriate alternatives. A
procedure was then developed to assist MoDOT district traffic and design engineers in selecting
improvements for existing crossovers as they become congested. That procedure is described
directly below.

RECOMMENDED PROCEDURE FOR SELECTING IMPROVEMENTS

1. Identify potential problems at Type II rural crossovers. It is expected that MoDOT Districts
are aware of possible congestion and safety problems at their crossovers through their normal
procedures of observation and through citizen comments.

2. Observe specific crossover during likely time periods of concern to identify congestion
problems. If problems are observed, continue to step 3.

3. Examine list of potential alternative treatments (see Ch. 2). Identify feasible treatments and
appropriate performance measures (see Ch. 3).

4. Apply CORSIM simulation tool to existing condition and to feasible treatments (see Ch. 4).
Input data will include of geometric, operations, demand, and control data. Outputs will
include performance measures to compare alternatives.

5. Estimate costs of treatments (see Ch. 6).

6. Identify best alternative, based upon selected performance measures.

7. Implement and monitor solution.
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INTRODUCTION

Expressway medians provide a separation area between opposing lanes of traffic.
The normal purpose of a crossover is to provide access for crossing traffic, left-turning
traffic, and U-turning movements. Crossovers in those medians provide protection and
control for cross and turning traffic. MoDOT only considers Type-II median crossovers
at State Routes, county roads, and major streets.

This report describes the results of the first phase of a study of rural median
crossovers. The immediate following sections describe the objectives, present
conditions, technical approach used. This is followed by a lengthy section describing
results and conclusions.

Within the section on Results and Discussion, Chapter 1 describes introductory
information. Chapter 2 describes a wide range of treatments that can be considered for
crossovers experiencing or expected to experience congestion. Chapter 3 summarizes
various performance measures (measures of effectiveness) that a MoDOT engineer might
wish to use in examining the alternatives for improvement. Chapter 4 provides a
description of how to apply the CORSIM model to simulate crossovers and examine
improvement strategies. Similarly, Chapter 5 describes the HCM approach and why it
was found to be a inferior to CORSIM for analyzing the problem of rural crossovers.
Chapter 6 provides information on estimating costs. Appendix 1 provides a summary of
some of the research and design literature relevant to the problem of rural crossovers.
Appendix 2 summarizes recent state design, operations and safety experience. Appendix

3 provides information about crossovers of concern to MoDOT Districts.



OBJECTIVE

The objective of this study was to provide a means for MoDOT engineers to
determine whether particular high-speed rural expressway crossovers are performing

satisfactorily and, if not, to assess alternatives for crossover design.

PRESENT CONDITIONS

MoDOT only considers Type-II median crossovers at State Routes, county roads,
and major streets. There is currently no procedure to determine the conditions under

which alternative treatments should be considered.

TECHNICAL APPROACH

The design practices of other states were examined, as well as design alternatives
that have been suggested in traffic and highway design references. Two alternative tools
to evaluate potential improvements, the Highway Capacity Manual 3 (HCM) approach
and the CORSIM simulation technique, were compared to determine how best to identify
appropriate alternatives. A procedure was then developed to assist MoDOT district
traffic and design engineers in selecting improvements for existing crossovers as they
become congested with increasing crossing and left turn movements. Phase II of this
study will provide further useful information from an extensive field study of existing

Crossovers.



RESULTS AND DISCUSSION

I INTRODUCTION

As described in the Missouri Department of Transportation’s (MoDOT’s) Policy,
Procedure and Design Manual ', expressway medians provide a separation area between
opposing lanes of traffic. Crossovers in those medians provide protection and control for
cross and turning traffic. MoDOT only considers Type-II median crossovers at State
Routes, county roads, and major streets. A simplistic sketch of a Type-II median
crossover is shown in Figure 1-1. Detailed sketches are available in MoDOT’s design

manual and through its web site .
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Figure 1-1: Type II Median Crossover
The normal purpose of a crossover is to provide access for crossing traffic, left-
turning traffic, and U-turning movements. Each of these three movements can be

complex for the following reasons:



e While the expressway speed is high, speeds of crossing and turning vehicles are low.

e The lengths and required turning paths of the various design vehicles making these
movements must be accommodated within the median width.

e Crossing, left-turning, and U-turning drivers must find gaps in conflicting traffic
before they leave the crossover.

e The presence of other waiting vehicles can block a driver’s view of conflicting traffic.

e The combination of crossing, left-turning, and U-turning traffic and the conflicting
traffic to which these movements must yield can lead to a situation in which through

lanes of the expressway may be blocked.

The objective of this study was to provide a means for MoDOT engineers to
determine whether particular high-speed rural expressway crossovers are performing
satisfactorily and, if not, to assess alternatives for crossover design.

The design practices of other states were examined, as well as design alternatives
that have been suggested in traffic and highway design references. Two alternative tools
to evaluate potential improvements, the Highway Capacity Manual > (HCM) approach
and the CORSIM simulation technique, were compared to determine how best to identify
appropriate alternatives. A procedure was then developed to assist MoDOT district
traffic and design engineers in selecting improvements for existing crossovers as they
become congested with increasing crossing and left turn movements. That procedure is

described directly below.



RECOMMENDED PROCEDURE FOR SELECTING IMPROVEMENTS
1. Identify potential problems at Type II rural crossovers. It is expected that MoDOT
Districts are aware of possible congestion and safety problems at their crossovers

through their normal procedures of observation and through citizen comments.

2. Observe specific crossover during likely time periods of concern to identify
congestion problems. If problems are observed, continue to step 3.

3. Examine list of potential alternative treatments (see Ch. 2). Identify feasible
treatments and appropriate performance measures (see Ch. 3).

4. Apply CORSIM simulation tool to existing condition and to feasible treatments (see
Ch. 4). Input data will include geometric, operations, demand, and control data.
Outputs will include performance measures to compare alternatives.

5. Estimate costs of treatments (see Ch. 6).

6. Identify best alternative, based upon selected performance measures.

7. Implement and monitor solution.

ORGANIZATION OF THIS SECTION

Chapter 2 describes a wide range of treatments that can be considered for
crossovers experiencing or expected to experience congestion. Chapter 3 summarizes
various performance measures (measures of effectiveness) that a MoDOT engineer might
wish to use in examining the alternatives for improvement. Chapter 4 provides a
description of how to apply the CORSIM model to simulate crossovers and examine
improvement strategies. Similarly, Chapter 5 describes the HCM approach and why it
was found to be inferior to CORSIM for analyzing the problem of rural crossovers.
Chapter 6 provides information on estimating costs.

Appendix 1 provides a summary of some of the research and design literature

relevant to the problem of rural crossovers. Appendix 2 summarizes recent state design,



operations and safety experience. Appendix 3 provides information about crossovers of

concern to MoDOT Districts.



IL ALTERNATIVE TREATMENTS TO ADDRESS PROBLEMS

There are several kinds of problems related to the Type II median crossover.
NCHRP Synthesis 281: Operational Impacts of Median Width on Larger Vehicles * and
NCHRP Report 375: Median Intersection Design ° provide comprehensive analyses of
median opening operations for urban, suburban, and rural highways. The rural highways
problems and alternative treatments applicable to Type II median crossovers described in

these reports are summarized below. The identified problems are *:

I. Undesirable driving behavior, including:
e Encroachment on through lanes by vehicles in the median opening,
e Side-by-side queuing in the median opening, and
e Angle stopping in the median opening.

2. Collisions between left-turning vehicles and vehicles stopped in the median opening.

3. Collisions between vehicles turning left from the divided highway and other same-
direction vehicles.

4. Collisions between vehicles turning left from the divided highway and opposing
through vehicles.

5. Collisions between vehicles making U-turns and opposing through vehicles.

The task of choosing particular mitigation techniques is based on the types of
collisions to be prevented. Mitigation techniques, described in NCHRP Synthesis 281 *
and NCHRP Report 375 °, for each of the above five problem types are described below.
The reader is referred to the above references for more detailed discussion of specific

measures.



Undesirable Driving Behavior and Collisions Involving Vehicles in the Median
Opening Area

(1) Reconstruct rural highways with wider median.

@)
)
(4)

®)

(6)
O

®

The width of median should be able to store safely at least one of the largest
vehicles using the intersection most often. In some cases, several vehicles may
need to be stored. The width of the median should not attract an additional vehicle
to enter if the added vehicle would encroach on the through lanes.

Prohibit left-turn maneuvers.

Close median opening.

Reconfigure median to prohibit crossing maneuvers while still permitting left turns.

For the above three techniques, consideration must be given to the alternate routes
that will be used by the diverted traffic and the traffic operational and safety
impacts on other locations.

Provide median acceleration lanes.

It was indicated by NCHRP Report 375 ° that, on the basis of the guidelines used by
state highway agencies, acceleration lanes for left-turning vehicles from a crossroad
onto the divided highway should be considered at locations where adequate median
width is available and:

(a) limited gaps are present in the major-road traffic;

(b) the low-speed turning traffic merges with high-speed through traffic;

(c) rear-end or sideswipe accidents crashes are prevalent;

(d) required intersection sight distance is not present; and

(e) there are high volumes of trucks turning into the divided highway from the
median opening.

Extend edgelines to better define median opening area.

Mark double yvellow centerline on roadway in the median opening to discourage
angle stopping.

Remove STOP signs in median. NCHRP Report 375 ° states that most highway

agencies use no control in the median opening area for median widths up to 9m
(30ft). Most use YIELD control for median widths from 9 to 25m (30 to 82ft).
Most use STOP control for median widths greater than 25m (82ft).




(9) Install traffic signals. Traffic signals are seldom used in rural areas. Traffic signals
at median openings should be considered only when the signal warrants of the
Manual on Uniform Traffic Control Devices ® are met *.

Collision Between Vehicles Turning Left from the Divided Highway and Other
Same-Direction Vehicles

These collisions are often caused by turning conflicts that are not expected by through
motorists on the divided highway. The large speed differences between the turning and
thorough vehicles contribute to crash frequency and severity *. Mitigation techniques
include:

(1) Install advance intersection signing.

Intersection advance warning sign or advance guide signs, with the name of the
intersecting road, or both, can be used ‘.

(2) Install bigger signs.

(3) Install better delineation.

This method can include:
(a) marking channelizing islands with reflective paint,
(b) creating obvious breaks in delineator spacing at the crossover, and

(c) creating obvious breaks in pavement markings at the crossover *.

(4) Implement lower speed limits.

A spegd limit change should only be considered on the basis of an engineering
study .

(5) Implement advisory speeds on major road *.

(6) Increase the deceleration and storage length of existing left-turn lanes.

AASHTO gives guidance on lengths for left-turn lanes, based upon the appropriate
distances for deceleration and storage ".

(7) Prohibit left turns from the major road.

(8) Close the median opening.

Alternate routes must be considered for the last two options.



Collisions between Vehicles Turning Left and Opposing Through Vehicles

Limited sight distance is the primary cause of this kind of problems. Mitigation
techniques include:

(1) Prohibit left turns from the major road.

(2) Close the median opening.

Consideration must be given to the alternate routes for both of these options.

Collisions Between Vehicles Making U-Turns and Opposing through Vehicles
U-turn maneuvers have potentially higher safety risks than comparable left-turn
maneuvers. Mitigation techniques for the accident pattern involving U-turn collisions

include:

(1) Increase width of paved/stabilized shoulder to allow trucks to swing wider.

(2) Reconstruct highway with wider median or reconstruct at selected intersections.

(3) Provide a different median crossover or indirect routes for U-turns.

(4) Prohibit U-turn maneuver or U-turn maneuvers by larger vehicles.

(5) Close the median opening.

Consideration must be given to the alternate routes for these options.

NCHRP Synthesis 281 * indicates many highway agencies have problems with
medians that are too narrow. While only some of these medians would serve the same
purposes as Type II median crossovers, Table 2-1 is included below to show use of some

general countermeasures to address problems.

10



TABLE 2-1: HIGHWAY AGENCY USE OF SPECIFIC MITIGATION
MEASURES FOR TRAFFIC OPERATIONAL PROBLEMS RELATED TO

LARGER VEHICLES AND NARROW MEDIANS *

Mitigation Measures Agencies
Using This
Measure
Reconstruct highway with wider median 4(15.4)
Reconstruct highway with wider median only at selected intersections | 7 (26.9)
Provide left-turn lanes 19 (73.1)
Prohibit left turns 9 (34.6)
Close median opening 15 (57.7)
Reconfigure median to prohibit crossing maneuvers while still 6 (23.1)
permitting left turns
Provide median U-turn roadways 4(15.4)
Provide median acceleration lanes 7 (26.9)
Improve signal timing at adjacent signals 11 (42.3)

Percentages (shown in parentheses) are based on the total of 26 highway agencies that
report traffic operational and safety problems related to larger vehicles and narrow

medians.

11




III. ALTERNATIVE PERFORMANCE MEASURES

The performance measures most often used to analyze intersection operations are
volume-to-capacity ratio, delay, level of service, queue length, fuel consumption, and
stops. For the specific problem of congested rural Type II crossovers, another important
performance measure is the proportion of time a through lane on the expressway is
blocked (closely related to queue length) by vehicles waiting to use the crossover.

The tools examined in this report are simulation, through the NETSIM program
within CORSIM °, and the Highway Capacity Manual > (HCM), as applied through the
Highway Capacity Software ° (HCS). The ability of each of these two approaches to

provide relevant performance measures is presented below.

CORSIM PERFORMANCE MEASURES

The CORSIM program provides a range of performance measures, based upon a
summary of traffic conditions present during its simulation runs. There are two different
ways to view the output. One option is to view an animation of the simulation. This can
be useful in identifying obvious traffic problems that would result from a particular
design.

The other option is to view tables and graphs summarizing results. This latter
option can prove useful in evaluating alternatives quantitatively. CORSIM provides the
following system-wide measures of effectiveness:

e Average total delay (vehicle-minutes)
e Average delay per vehicle (seconds)

e Average percent stops

12



e Average queue length

e Average maximum queue length

e Average fuel consumption (gallons)
e Average fuel consumption (mpg)

o Total Emissions of HC (grams/mile)
e Total Emissions of CO (grams/mile)

e Total Emissions of NO (grams/mile)

CORSIM can also describe for each link:

¢ Time spent moving

e Time spent stopped

e Average queue by lane

e Maximum queue by lane

e Number of lane changes

e Average vehicle occupancy

Importantly, CORSIM allows one to place a simulated detector at a location of interest.
Since it is desirable that median crossover traffic not block expressway through lanes, an

obvious location for detectors is in the through lanes at the crossover.

HCM/HCS PERFORMANCE MEASURES
The HCM (and HCS) provides a smaller number of measures, based upon the
expected average flow conditions predicted from its analytical approach. The principle

measures output by the HCS program are average control delay (in seconds) and the level

13



of service resulting from that average delay. The HCS output can be manually
manipulated to estimate average queue length and maximum (actually 95™ percentile)
queue length. In theory, one should be able to determine the maximum queue length
expected in the crossover. However, as described in Chapter 5, the researchers were

unable to adapt the HCS to provide that desired result.

RECOMMENDED PERFORMANCE MEASURES

A principle performance measure should be the proportion of time a through lane
on the expressway is blocked (closely related to queue length) by vehicles waiting to use
the crossover. It would also be desirable to provide the performance measures estimated

by CORSIM for use as additional measures of effectiveness.

14



Iv. USING SIMULATION TO EVALUATE ALTERNATIVES

Simulation models are often used to augment Highway Capacity Manual * (HCM)
results or in some cases to address issues that cannot be effectively resolved using the
Manual. Existing tools for the analysis of highway operations contained in the HCM are
based upon deterministic models that simply execute known relations efficiently '*. In
many situations this approach works well. In others, where there exist significant random
components, such as vehicle arrivals and queuing, a stochastic approach may be more
efficacious. Interrupted flow simulation models, such as CORSIM ¥, attempt to
incorporate randomness in a system explicitly. They use traditional statistical techniques
to represent complex systems thus allowing inferences to be made about system

behaviour. These types of models have many strengths. They allow:

o Explicit treatment of the randomness which is innate to the crossover situation,
e Study of the effects of changes on the operation of a system,
e Experimenting with new situations that do not currently exist,

e Modeling of queuing processes.

Other features relevant to rural crossovers, which are currently not available in the HCM

but which CORSIM provides, are '*:

e Oversaturated conditions
¢ Bus and truck activity

e Special lane use

15



e Geometrically offset intersections
e Explicit actuated control
e Alternating arrival characteristics

e Two stage gap acceptance - especially applicable for analysis of rural crossovers

CORSIM is a microscopic simulation model for an integrated urban network
freeway network, or corridor analysis. CORSIM consists of FRESIM, a microscopic
model of freeway traffic, and NETSIM, a microscopic model of urban streets, as well as a
traffic assignment model. CORSIM was chosen for this study for several reasons. It was
developed for the Federal Highway Administration, has many qualities that recommend
its use, as described later, and is commonly used in the industry and is the software of
choice at MoDOT.

As indicated in previous sections of this report, rural expressway facilities can
generate hazardous crossing situations and confusing vehicle operations at rural median
crossovers. As volumes increase through a crossover area, multiple vehicles can be
positioned in the median so they actually block each other and impede visibility to
oncoming vehicles. The AASHTO Green Book 7 does not provide a complete solution to
the problem. No guidance is provided on how to solve the problem of crossing vehicles
stacking up in the median area, or the hazard that can be created by long vehicles
protruding into the through lane. Further, AASHTO does not provide a solution for those
crossovers which have been placed in a median that is narrower than 60 feet. The
purpose of this chapter is to explain the use of simulation software, which may be used to

address these issues, for evaluating alternative rural crossover designs.

16



Five designs were chosen as illustrative of what may be used in Missouri. They
are depicted in Figure 4.1. The CORSIM software was used to evaluate two of these
configurations for two different operational and control situations described later. This
exercise provides information about the use of simulation software for this purpose. The

information will be used in the following pages to evaluate that use.

INPUT REQUIREMENTS

There exist four general categories of inputs and outputs: geometrics, operations,
demand and control. Geometrics describe the physical network over which vehicles
travel. Details include number of lanes, turn bays, lane lengths, lane use and grade as
well as topology. CORSIM uses the link-node concept to represent networks where a
link represents a road section and a node represents either an intersection or a change in
road geometry. Creation of the five alternative cases as shown in Figure 4.1 required
approximately 45 minutes to one hour each. Operational data are link specific - for
example, capacities, lane use, lane restrictions, free flow speed, HOV lanes, parking, lane
blockages, and so on.

Demand data may be entered in two different ways in CORSIM, either by using
O-D data at the entrance and exit points of the network with turn proportions specified at
intersections, or by entering explicit volumes on links and turn volumes at intersections.
Up to sixteen different time periods may be defined which are used to divide the
simulation into periods of similar character such as pre-peak hour, peak hour and post
peak hour. Control data include the full array of signage and signals. Entry of volume

data requires fairly significant manipulation in order to put it into a useful form. Total

17



time per site took about 1 hour which includes data entry and reduction, and reallocating
volumes under the alternative scenarios (these would need to be done regardless of tool
used). Schematic drawings of the two alternatives are provided in Figure 4.2.

The TRAF suite of software includes a graphical interface, called ITRAF, a
simulation algorithm called CORSIM and a graphics generator called TRAFVU. ITRAF
allows creation of a transportation system relatively quickly and easily along with the
entry of the other data types, and TRAFVU provides animation of individual runs in
addition to more familiar modes of data output as described below. TRAF is a Windows-
based software and provides very useful features that are common to this type of
software, namely, button-pad commands, on-line help facility, of course all menu driven,
point and click inputs for nodes and links in a network. It also allows a great deal of
flexibility in the choices of other variables to use. For example, the user may specify
volumes entering the system with turn percentages at intersections, or he/she may enter
turn volumes explicitly at intersections. Lanes may be designated as being blocked if one

has interest in the effects of incidents on traffic.

18



SOAIJEUIAY J9A0SS0I)) [Ny ['p AN31Y

124085010 G 3se) (@

A
N s
IIIIII I.IH I||||. —=—————

3

124085010 € 3se) (@

19408504 § aseD) (P

- { o

e i =5 ; P T m

~i 1 ¥
HI X / e To— .H_l!!..l.ﬂu..._..

- 3y

wlBNPS
- . - S I t e __
| 1) n - ]
- i - 3

L
wp—

L]

\ h =TI

[~ ——

9




SUOTIIPUO)) SUTISIX J0J JNBWAYIS BZ § 2In31]

L

€ < G < i )
1

14 » O » C
S



SUOTIIPUO)) paAaoidw] 10J ONBWAYIS q7 ' 9InT1]

4!

6 < [ < C « € < I i
} o1 !
01 > 8 » O > v » C

11



PERFORMANCE MEASURES

Outputs from simulation are provided in two very different forms. The user may
opt to view an animation of the actual implementation of his/her designs using specified
geometrics, operation and control information. This form of output allows one to identify
gross problems with the intersection. It provides an excellent means to eliminate problem
configurations very quickly and to view alternative scenarios also very quickly. The
second form of output is the more familiar tables and graphics. This, for analytical
purposes is far superior. Tables 4.1 through 4.4 (shown at the end of this Chapter)
provide a sample listing of outputs obtained from CORSIM. These numerical outputs are
crucial for assessing alternatives quantitatively. Additionally, for each link a table or
graph may be generated which tracks a variable of interest over time - see Figure 4.3. As
the Tables show, the software can be used to model all of the five design options quite

precisely.
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CASE STUDIES

Data for six type II median crossovers were obtained from MoDOT District 8.
The two sites selected for analysis are Route 13 at Route O and Route 160 at Farm Road
157 both in Greene County. The sites were examined under existing conditions and
under one alternative geometry - case 3 depicted in Figure 4.1. Case 3 was chosen due to
its simplicity and for its relative low cost (see Chapter 6).

Route 13 1s a 4 lane divided highway with 12 foot lanes, 6 foot inside shoulders,
10 foot outside shoulders and a 60 foot median. There are no traffic signals at or near
this location. Route 160 has the same geometrics as Route 13 except for a 40 foot
median. Data from the two locations were entered into the TRAF software via ITRAF
and were used to simulate operation at the sites. For the purpose of illustrating the use of
simulation software, each site's existing conditions and one alternative design were
examined. Simulation outputs allow both link-specific and system-level assessments.
Both are useful in evaluating alternatives. With regard to the former, the output tables
were used to identify problem links at the sites under existing conditions. Key
performance measures were then compared for the two alternatives: existing versus case
3. Table 4.5 depicts the comparisons. Table 4.6 compares selected system-wide outputs
as well for each scenario. As both tables illustrate quite dramatically, the alternative
design significantly improves most measures. The prime exception is fuel consumed
which makes sense given the requirement for vehicles to travel further to navigate
through the intersection. The gains in delay reductions, decreased queue lengths (with

potentially lowered conflicts) and emissions levels all recommend the alternative design.
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EVALUATION

When evaluating software it becomes necessary to establish its operating goals.
What features do we want it to have and what do we want it to be able to do? Features
that are desirable for simulation software as it is applied here include accuracy and ease
of use - both of which are discussed in detail in the paragraphs that follow. It should be
noted that these features are often product specific. With regard to the second question,
as always, one has interest in safety and efficiency. Efficiency measures include
individual delay, queue length, fuel consumption and emissions. CORSIM provides all
of these, as Tables 4.1 to 4.4 show. With regard to safety, CORSIM is similar to the
HCM in its lack of safety outputs. However, the wide variety and very detailed

operational outputs allow for more accurate assessments of safety.

ACCURACY AND PRECISION OF THE MODEL

There are two sources at issue here: assumptions that must be made (and their
accuracy as they pertain to rural crossovers), and the limitations of the tool selected.
Since CORSIM is a stochastic model, it is assumed to be as random as the real world.
Consequently, its resulting performance measures are samples from a population. That
is, each measure is a random variable with a mean and variance. Several runs for a given
situation are therefore needed. For a specified confidence level, a considerable number
of runs may be necessary. In addition to confidence level, the number depends upon the
variable of interest, its variance and its required precision. For example, if queue length
were the variable of interest, assuming a variance of 4 and a required precision of 1

vehicle, the required number of runs would be around 16. The appropriate number of
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runs derives from specification of a time interval duration which is used to control the
requirements for frequency of output in CORSIM. An appropriate interval must be
assumed since the variance of each variable is not known a priori.

Other notable limitations of the software include its inability to accept separate
lane width for median turn lanes. Thus, all lanes on a link must have the same width (e.g.
left turn bays must be 12 feet in this case); enter median acceleration lanes; specify link
lengths less than 50 feet. While this last means the software would not be directly usable
for median widths of 50 feet or less, the software does give queue lengths and so could be

used even for narrow medians for this purpose.

EASE OF USE

Elefteriadou et al. !

established two criteria for assessing the ease of use of a
simulation model, namely how the software handles input data (preprocessing) and how
it presents results (post processing).

The preprocessor, or input unit, used by the TRAF software package, as stated
previously, is ITRAF. It is a windows-based graphical user interface akin to a geographic
information system style of entry. It allows both graphical and numerical input of node
and link positions, topology, and characteristics via a map of the network and a series of
dialogs. This of course is a subjective evaluation but the software is fairly friendly.
Indeed, it required a graduate student with fairly recent knowledge of the software only
15 minutes to enter all geometric data for each of the 5 configurations described before.

Subsequent input, essentially to revise volumes and some geometrics, requires perhaps 5

minutes on average.
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The postprocessor or output unit which generates files for subsequent analysis is
the CORSIM component. CORSIM processes the input data from ITRAF and generates
text output files with all of the variables listed in Tables 4.1 through 4.5. This may then
be viewed using the TRAFVU module which allows tabular and graphical displays of the
output data. The module also uses the output to simulate the operation of the network in
a graphical display. A "run" requires approximately 5 minutes. Generation of graphics is

fairly interactive, although the software is somewhat cumbersome in this regard.

CONCLUSIONS

Simulation software addresses several problems, listed in this report, that cannot
be addressed by the HCM model. It allows detailed analysis of wide medians and two
stage gap acceptance situations. It provides very detailed estimates of expected queue
lengths and other critical performance measures that are not provided by the HCM - in
addition to delay measures which are provided by both tools. Further, it is stochastic in
nature and therefore thought to be more appropriate for this type of analysis. Given the
relative low level of time required to use the software, its appropriateness for this
application, its relative ease of use, minimal data requirements, high levels of precision,
and the richness of its outputs, the simulation software seems an excellent tool for

evaluating rural crossover alternatives.
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V. USING THE HCM/HCS TO EVALUATE ALTERNATIVES

The Highway Capacity Software ° implements Part A of the Highway Capacity
Manual (HCM) * Chapter 10 (Unsignalized Intersections). Part A of the HCM chapter
deals with two-way stop-controlled intersections. It provides an analytical approach to
estimate average conditions. The results can be adapted to apply, to a limited extent, to
Type II Crossovers. However, as described in this chapter, the HCM approach was found

to be inferior to the CORSIM approach (described earlier in Chapter 4).

INTRODUCTION
The HCM method for two-way stop-controlled intersections assumes that:
¢ vehicles yield to other movements in priority accorded by normal traffic law,
e gaps used by lower priority vehicles are randomly distributed, however the arrival
pattern within a particular time interval may be affected by nearby (within Y2 mile)

signals,

e the first waiting vehicle requires a “critical gap” in conflicting traffic to make its
movement, and

e additional vehicles behind the first vehicle require additional “follow-up time” to use
that same gap.
To illustrate critical gap and follow-up time, see Figure 5-1 below. Vehicle 1
must wait for a critical gap in the conflicting flow. If that gap equals the critical gap plus
the follow-up time, then both Vehicle 1 and Vehicle 2 can make their maneuver in the

same gap.
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Figure 5-1: Critical Gap and Follow-up Time

As mentioned above, it is assumed that vehicles yield to other movements in

priority accorded by normal traffic law. The priority is shown in Table 5-1 and Figure 5-

2.

TABLE 5-1: PRIORITY OF STREAMS

Rank | Movement Subordinate to:
r=1 | e through traffic on major road -
e right turning traffic from major road
r=2 | e left-turning traffic from major road Rank 1
e right turning traffic onto major road from minor
r=3 | e through traffic on minor road Ranks 1 and 2
e left-turning traffic from minor road (if a T-intersection)
r=4 | e left-turning traffic from minor road (if a 4-leg Ranks 1, 2, and 3

intersection)
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Rank stop

1:2,3,5,6
2:1,4,9 12
3:8,11
4:7,10

Figure 5-2: Priority of Streams at Crossover

TWO-STAGE GAP ACCEPTANCE

To analyze traffic movements at a crossover, a special procedure called two-stage
gap acceptance is used. For example, a minor road lefi-turning vehicle (Movement 7 in
Figure 5-2) might first find a gap in major road traffic coming from the left and then wait

for a gap in major road traffic coming from the right (also see Figure 5-3).
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Figure 5-3: Two-stage Gap Acceptance

Flared Minor-road Approaches

When the minor road approach is flared or channelized so that two vehicles can
wait side-by-side at the stop line (e.g., a right-tuning vehicle and a through vehicle), the
capacity of this approach is greater than if only one vehicle can wait at the stop line. This
is generally the case at a crossover. The magnitude of this increase in capacity depends

on the turning movement flow rates and the storage length to feed the “second position.”

41



The resulting capacity will be between that of a single lane approach and that of a two-

lane approach.

INPUT REQUIREMENTS
The input requirements consist of geometric data and traffic flow data. Geometric
data include:

e Number and use of lanes — On major road, this may include a left-turn lane (really a
deceleration lane with perhaps some storage space) plus two through lane plus a
right-turn lane or a left-turn lane (really a deceleration lane with perhaps some
storage space) plus one through lane plus a shared through/right-turn lane;

e Channelization — all locations where right turns are channelized should be noted;

e Raised or striped median storage — Crossovers by their nature have median storage.
When using the HCS, this storage space is indicated by selecting “raised median.
Generally about 30 ft. is needed to store a passenger car;

e approach grade — downgrades increase capacity while upgrades decrease capacity;
and

o flared approaches on minor roads.

Traffic data include:

e vehicular volumes by movement during the peak hour must be indicated. Note that
the “peak hour” is the consecutive 60 minute period with the highest volumes.
However, is the minor road traffic peaks at a different time than the major road
traffic, one should consider any time period that might be congested,

e PHF — The 15 minute flows during the peak hour should be examined to determine
one peak hour factor for the crossover traffic. PHF = peak hour volume/(4x Peak 15-
minute volume);

e traffic composition — the % heavy vehicles (i.e., trucks and buses) for each traffic
movement should be entered;

e upstream signal data — needed if a signal on the major road is within 0.25 miles of the

crossover. Required information includes cycle length, green time for major road
traffic, progression speed, arrival type, saturation flow rate, and progressed flow; and
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e pedestrian volumes — generally equal to zero for rural crossovers.

PERFORMANCE MEASURES
The performance measures output by the HCS include delay and level of service.
The results can be manually manipulated to also produce average queue length and 95t

percentile queue length.

Delay and Level of Service
The HCS estimates average control delay. Note also that this delay can be
directly measured in the field. The LOS criteria are given in the HCM are shown in

Table 5-2.

TABLE 5-2: LEVEL-OF-SERVICE CRITERIA

LOS AVERAGE CONTROL DELAY, D (sec/veh)

D <10

10<D <15

15<D <25

25<D <35

35<D <50

asllesiRwii@lieviiv2

50 <D

Note that we can calculate control delay, and therefore level of service, for:
¢ a single yielding movement
e a minor road approach

e average intersection total delay
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Average Queue Length and Maximum (95" percentile) Queue Length

Average Queue Length must be calculated manually. The average queue length
will be equal to the average delay per vehicle times the flow rate of the movement (both
available from the HCS output). To visualize the units, think of average delay in hours

times vehicles per hour (hr x veh/hr = veh-hr/hr = veh = vehicles).

The expected maximum queue length (also called the 95" percentile queue length
or the queue length that will not be exceeded except for 5% of the time) is found through
a nomograph in the HCM. One must manually enter the volume/capacity ratio and the
hourly approach volume (available from the HCS output) to find the expected maximum
queue length. Unfortunately, the maximum queue length is calculated by the HCS only
for minor road flared approaches, which does not address the issue of congestion in the

median opening.

CASE STUDY

The HCS was applied to the same base condition for that used in the CORSIM
simulation (Route 13 at Route O in MoDOT’s District 8) described in Chapter 4. The
HCS application demonstrated both the strengths and weaknesses of the HCM approach.
The delay and level of service for each turning movement were estimated with little
effort. However, since results are reported by movement, some critical information was
absent. For example, the delay experienced by a minor road crossing vehicle consists of
delay when waiting for expressway traffic coming from the left (before the minor road

vehicle reaches the median) and delay while in the median and waiting for a gap in
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expressway traffic coming from the right. This division of delay is due to two-stage gap
acceptance.

To overcome this problem, the data were manipulated to analyze the crossover
location as two separate intersections. While this is mathematically appropriate, it may
seem to be an uncomfortable burden to an engineer responsible for the analysis.
Unfortunately, no method was found to force the HCS to correctly identify the capacities,

delays, or levels of service for the flows. The reason for this flaw in the application was

not determined. Due to these problems, the case study was ended.

EVALUATION

The HCM and HCS can be used to estimate the capacities, delays, or levels of
service for the flows at a crossover. Unfortunately, no means was found to apply the
HCS to accurately identify the capacities, delays, or levels of service for the flows and
queuing vehicles within the median crossover (stage II of the two-stage gap acceptance
procedure). However, the expected accuracy and usefulness of this type of approach are

discussed below.

Accuracy Issues and Limitations

The HCM assumes a constant vehicle length. At many rural crossovers, problems
arise when long trucks are present. Since the HCM deals with average conditions,
vehicle length is not explicitly addressed.

The HCM also assumes that critical gap is a constant. If expected queue lengths

are long then average delays may also be long. When minor road or major road lefi-
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turning traffic experiences long delays, drivers will often accept shorter (and perhaps

dangerously short) gaps.

Ease of Use

The HCS generally can be applied in a relatively short time. A graduate student
who was just learning to apply the HCS found that learning to apply the software
required several hours. However, once some experience was gained, he could take a plan
view of an intersection and 15-minute count data and, within 15 minutes, have the

intersection analyzed by the HCS.

CONCLUSIONS

The HCM and HCS can be used to describe average flow conditions for
individual movements (i.e., lefts, throughs, and rights) at a crossover. One can usually
take HCS results and manually estimate 95" percentile queue lengths. However the
analysts were unable to force the HCS to accurately estimate the delays taking place
within the median crossover. For this reason, the HCS proved to be a weaker tool than

needed for analyzing crossovers.
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V1. COST ESTIMATES FOR EVALUATION

There exist several approaches to evaluating alternative improvements. All
require some sort of cost information. The purpose of this brief chapter is to propose one
method for estimating capital costs using the Case 3 alternative described in Chapter 4.

MoDOT construction cost data were used to develop the costs of improvements.

COST ESTIMATES
The "big cost" items were assumed to be those listed in Table 6.1 and were the

only ones included in cost estimates.

Table 6.1 MoDOT Unit Costs

ITEM Description Unit cost | Unit

NUMBER
201-10.00 |Clearing $2,340.72| ACRE
201-20.00  |Grubbing $ 1,807.37| ACRE
203-50.00 |Unclassified Excavation | $ 269 CY
403-81.30 [AC PG64-28 § 117.80] TON
304-00.43 |Aggregate base $ 261 SY
310-50.01 |Gravel (for sub-base) $§ 2654 CY
620-55.18  |Thermoplastic 8" lines $ 1.14/ LF
620-55.19 |Thermoplastic ONLY $ 12425 EA
903-50.09 _ |Stop Sign (36") $ 16171 EA
903-50.04  |Signage $ 2271} SF
903-12.40 |Breakaway assembly $ 5533] EA

All calculations are based upon the following assumptions:
e Width of repair zone between improved and existing pavements equals 5 ft.,
e Depth of excavation equals 1.5 ft.,

e Pavement structure consists of 4 in. AC, 4 in. granular base, 12 in. gravel sub-base,
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e New median opening is a Type I crossover design as indicated in MoDOT's standard
drawings, and

e Maintenance costs are equal for all of the alternative designs presented in Figures 4.1.

Areas upon which costs are based are shown in Tables 6.2 and 6.3 below and derive from
MoDOT's standard drawings for Types I and II crossovers. The following terms are used
in the subsequent tables:

Terms
Lj = Length of jug handle

N = number of lanes on jug handle
Length = length of storage lane
Lj =450 (storage in jug approximately 50 ft.)

N=1
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Table 6.4 provides total costs for the alternative based upon the above numbers. A
spreadsheet, set up for this purpose, allows what-if scenarios, and changes in assumptions and
unit costs. Cost items that may be potentially significant but are not included here (this
monograph is meant to be illustrative only) include:

e Grading and compacting of pavement subgrade and

e Landscaping and finish work
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EVALUATION OF ALTERNATIVES

As indicated previously there exist several approaches to evaluating which are the best
alternatives. For example, one might examine the cost effectiveness of each alternative design
with respect to each of the operational outputs. Figure 6.1 illustrates the concept. Case 4's cost
is significantly lower than the other two alternative costs yet its percent reduction in delay is only
minimally lower (part a) and its increase in fuel consumption is actually lower as well (part b).
This is known as the "cost effectiveness" approach to evaluating alternatives. One of its main
advantages is that it eliminates the heavy reliance on numbers and scores that other approaches

use in an attempt to combine different measures.
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Figure 6.1 Cost Effectiveness Example

77




10.

11.

REFERENCES

. Policy, Procedure and Design Manual, Missouri Department of Transportation (continually

updated)

The web address for this figure is:
www.modot. state. mo.us/design/stdplan/english_images/203501.pdf

. Highway Capacity Manual, Special Report 209 — Third Edition, Transportation Research

Board, National Research Council, Washington, D.C., 1998.

Harwood, D. and W. Glauz, NCHRP Synthesis of Highway Practice 281: Operational
Impacts of Median Width on Larger Vehicles, Transportation Research Board, National
Research Council, Washington, D.C., 2000.

. Harwood, D., M. Pietrucha, M. Wooldridge, R. Brydia, and K. Fitzpatrick, NCHRP Report

375: Median Intersection Design, Transportation Research Board, National Research
Council, Washington, D.C., 1995.

Federal Highway Administration, Manual on Uniform Traffic Control Devices for Streets
and Highways, U.S. Department of Transportation, Washington, D.C., 1988.

American Association of State Highway and Transportation Officials, A Policy on Geometric
Design of Highways and Streets, Washington, D.C., 1994,

Traffic Software Integrated System (TSIS), Version 4.32. Developed for the Federal
Highway Administration, Dec. 1999.

Highway Capacity Software (HCS), Version 3. McTrans Center, University of Florida,
Gainesville, 1999.

McShane, WR., R. P. Roess, E. S. Prassas. Traffic Engineering, 2nd Ed., Prentice-Hall, Inc.,
1998.

Elefteriadou, L., J.D. Leonard II, G. List, H. Lieu, M. Thomas, R. Giguere, G. Johnson, R.
Brewish. "Beyond the Highway Capacity Manual: Framework for Selecting Simulation
Models in Traffic Operational Analysis," Transportation Research Record 1678,
Transportation Research Record, 1999.

78



APPENDIX 1: ANNOTATED BIBLIOGRAPHY

The most basic references for highway design and operation references are already
familiar to most readers of this report. These include AASHTO’s 4 Policy on Geometric Design
of Highways and Streets (1994), the Manual on Uniform Traffic Control Devices (1988), and the
Highway Capacity Manual (1998). This report has also made extensive use of the Highway
Capacity Software (Release 3, 1999) and NETSIM, a simulation program within CORSIM in the
Traffic Software Integrated System , or TSIS, Version 4.32 (1999). A summary of some of the
other relevant literature related to the rural median crossover is presented below in the following
sections:

e Summaries of Design Guidance
Problem Area Identification
Improvement Measurement
Operational Analysis

SUMMARIES OF DESIGN GUIDANCE

NCHRP Report 279 — Intersection Channelization Design Guide, by Timothy R. Neuman.
Transportation Research Board, National Research Council, Washington D.C. (1985).

The report provides principles and criteria for the applicability of channelization. Many
examples are presented in detail.

NCHRP Report 375 - Median Intersection Design, by Douglas W. Harwood, Martin T.
Pietrucha, Mark D. Woodldridge, Robert E. Brydia, and Kay Fitzpatrick. Transportation
Research Board, National Research Council, Washington D.C. (1995).

This report focused on the selection of median widths for at-grade intersections on
divided highways. It also presents some geometric and traffic control measures,
including various median widths, left-turn lanes, offset left-turn lanes, indirect left-turn
lanes, U-turn treatments, median acceleration lanes, and traffic control on the median
roadway, etc.

NCHRP Synthesis 225 — Left-Turn Treatments at Intersections, by James L. Pline.
Transportation Research Board, National Research Council, Washington D.C. (1996).

This report presents basic considerations for left turn treatments and summarizes design,
signing, pavement marking, and signal considerations. Performance measures are
presented as well as a discussion of special applications.

NCHRP Synthesis 281 — Operational Impacts of Median Width on Larger Vehicles, by Douglas
W. Harwood and William D. Glauz. Transportation Research Board, National Research Council,
Washington D.C. (2000).

Current median practices of the states are summarized. Operational and safety problems
are then described. Alternative improvement techniques are then presented.
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PROBLEM AREA IDENTIFICATION

John C. Falcocchio, Robert M. Michel, Herbert S. Levinson, and Solomon Assefa, Priority
Ranking of Problem Intersections in Brooklyn, N.Y., ITE Journal, Vol. 64, No. 5, May 1994.

The paper developed a problem ranking approach to judge a list of capital projects for
improving traffic in North Brooklyn, N.Y. The process used delay and accident measures
to determine the severity of problems at study locations. A severity score, to rank
problems, was based on the severity index and an intersection importance factor. These
two components, in turn, were measured by traffic volume and stop delay or number of
accidents.

N.M. Katamine, Various Volume Definitions with Conflicts at Unsignalized Intersections,
Journal of Transportation Engineering, Vol. 126, No. 1, Jan. /Feb. 2000.

Through a traffic conflicts technique, this paper presents research carried out at 15 four-
leg intersections in the capital of Jordan. By defining 13 types of volume, 11 types of
conflicts, and 4 levels of severity grads, based upon field data collection and computers
analysis, the author concluded:

e The effects of the approach volume on the correlation between volume and conflicts,
in general, is made obvious when considering severity grade G4 (defined by the

paper)

e Three basic volumes governing the correlation between volume and relevant conflicts
were indicated by the corresponding definition of the paper.

e The use of some other volumes, defined by the paper as SP volume, XP volume, V-
type volume, and CV volume, may provide misleading correlation with conflicts at
intersections.

IMPROVEMENT MEASUREMENT

Ahmed Essam Radwan, Kumares C. Sinha, and Harold L. Michael, Guidelines for Traffic
Control at Isolated Intersections on High-Speed Rural Highways, Transportation Research
Record 737, Transportation Research Board, National Academy of Science, Washington D.C.
(1979).

Using field studies and traffic simulation, the paper presented warrants for selecting
alternative traffic control at isolated intersections on high-speed rural highways. Two-
way stop signs, pre-timed signals, semi-actuated signals, and fully actuated signals were
evaluated over a range of traffic volume on major and minor approaches. The warrants
were based on the criterion of minimum total annual cost, which include annual accident
cost, delay cost, fuel cost, construction and maintenance cost of equipment, non-fuel
operation cost, etc.
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Daniel B. Fambro, John M. Mason, Jr., and Nancy Straub Cline, Intersection Channelization
Guidelines for Longer and Wider Trucks, Transportation Research Record 1195, Transportation
Research Board, National Research Council, Washington D.C. (1988).

Using a computer model and defining 2 singles (WB-50), 2 doubles (WB-70), and one
triple (WB-100) as design vehicles, the paper generalized results into five topic areas:
minimum turning radii, turning templates, cross-street width occupied, turning roadway
width and channelization guidelines for longer and wider trucks. These guidelines include
the minimum required curb radii to eliminate encroachment into either opposing or
adjacent traffic lanes on the cross-street and the minimum required width of turning
roadway.

James A. Bonneson, Patrick T. McCoy, and Jess E. Truby, Jr., Safety Improvements at
Intersections on Rural Expressways: A Survey of State Departments of Transportation,
Transportation Research Record 1385, Transportation Research Board, National Research
Council, Washington D.C. (1993).

The state of the practice of measures that state highway departments used to improve
traffic safety at intersections on rural expressways is described by the survey. According
to the results of the survey, potential measurements include access control, traffic control
measures, and geometric design measures. Most states indicated that an access opening is
provided for each abutting parcel that cannot be served by other means, while median
openings are provided only at intersections of the expressway and other public roads. As
to traffic control measures, the responding states indicated that traffic signals were the
most commonly applied measures. Other traffic control measures mentioned included
specialized or enhanced signing and marking applications. Geometric design measures
included alternative median widths, alternative lefi-turn bay, other left-turn treatments,
interchanges, and some other geometric designs, such as adding a right-turn bay,
lengthening the left-turn bay, adding a median acceleration lane, and adding a right-turn
acceleration lane.

Joseph E. Hummer, Charles V. Zegeer, and Fred R. Hanscom, Effects of Turns by Larger Trucks
at Urban Intersections. Transportation Research Record 1195, Transportation Research Board,
National Research Council, Washington D.C. (1988).

The results showed that small curb radii, narrow lane widths, and narrow total street
widths were among the geometric features associated with increased operational
problems. Trailer length was found to be a most critical element to smooth operations
than trailer width for the truck tested.
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OPERATIONAL ANALYSIS

Kay Fitzpatrick, Gaps Accepted at Stop-Controlled Intersections, Transportation Research
Record 1303, Transportation Research Board, National Research Council, Washington D.C.
(1991).

Data were used to determine intersection sight distance, capacity, queue length, and delay
at unsignalized intersections. These data have also been used to determine the need for
traffic signal, the capacity of a left-turn lane, warrants for left-turn signal phasing and
storage lanes. In areas that experience significant truck traffic, gaps accepted by truck
drivers should be considered. Six intersections were selected to collect field data. The
Greenshield, Raff, and logit methods were selected to evaluate the gap data. The
following conclusions were drawn for gap-acceptance by passenger car and by truck:

e Passenger car driver’s 50 percent probability of accepting a gap was generalized as
6.5 sec. for both left and right turns and as 8.25 sec. for the 85 percent probability of
accepting a gap at a moderate to high-volume intersection. A 10.5 sec. gap represents
the 85 percent probability of accepting a gap at an intersection where the accepted
gaps were influenced by low volume and the intersection geometry.

e Truck drivers’ 50 percent probability of accepting a gap was generalized as 8.5 sec. In
general, at a high-volume location, 85 percent of the truck drivers accepted a 10.0 sec.
gap; at a low-volume location, 15.0 sec. was the accepted gap value.

e Some of the critical gap values determined at several of the intersections were
influenced by geometric of traffic characteristics.

Michael Kyte, Chris Clemow, Naseer Mahfood, B. Kent Lall, and C. Jotin Khisty, Capacity and
Delay Characteristics of Two-way Stop-controlled Intersections, Transportation Research
Record 1320, Transportation Research Board, National Research Council, Washington D.C.
(1991).

Data were collected from a wide range of two-way stop-controlled intersections.
Collected data included sight distance, upstream control and platoon characteristics, flow
rate, delay, major-street gap, accepted and rejected gap data. It was concluded that:

e Average queue time increases as the subject approach flow rate increases.

e Average service time increases as the flow rate on the conflicting approaches increases.

e Minor-street capacity decreases as the major-street flow rate increases.

e Accepted gap are not constant, but very as a result of several factors, including queue
time (inverse relationship), service time (slight inverse relationship), number of rejected

gaps (inverse relationship), major street flow rate (inverse relationship), and directional
movement of the subject vehicle.
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o Service time and total delay increase as major-street flow rate increases

o The time in queue is not correlated to the major-street flow rate

A preliminary set of models to estimate capacity and delay was developed, including
models to calculate capacity, total delay, queue time, and service time of minor-street.

Shane M. Velan and Michael Van Aerde, Gap Acceptance and Approach Capacity at
Unsignalized Intersections, ITE Journal, Vol. 66, No.3, March 1996.

Using a microscopic gap acceptance model, under the defined base scenario of an
opposed left turn from an unsignalized approach, several results were examined,
including opposed approach capacity, size of critical gap, rate of temporal decay of the
critical gap, and size of follow-up time. The paper concluded that:

e The opposing flow rate is determined primarily by the number of opposing lanes,
their saturation flow rates, and the size of the critical gap and its rate of decay.

e The opposed approach capacity is controlled by the saturation flow rate of the
opposed approach.

Wayne K. Kittelson and Mark. A. Vandehey, Delay Effects on Driver Gap Acceptance
Characteristics at Two-way Stop-controlled Intersections, Transportation Research Record 1320,
Transportation Research Board, National Research Council, Washington D.C. (1991).

This paper examined the 1985 Highway Capacity Manual definition of critical gap for
two-way stop-controlled intersections. A revision of the definition of critical gap
considering both gap acceptances and gap rejections was presented first. The authors
expressed it as "the median probability of accepting a gap of a given size" instead of "the
median gap size that is accepted by drivers in a given situation" defined by HCM (1985).
Some consequent conclusions were drawn:

e Critical gap is affected by the delay time. Drivers accept shorter gaps as front-of-
queue delay increases.

¢ Any delay-based LOS criterion for TWSC intersections should incorporate lower
delay thresholds than are used for signalized intersections, at least in the LOS D, E
and F regions.

e The type of major-street conflict (same direction versus opposite direction) that is
experienced also affects critical gap for minor-street left-turning vehicles. The
directional distribution of major-street traffic can have a substantial effect on the
capacity of this movement.
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APPENDIX 2: SUMMARY OF STATE AND LOCAL MEDIAN DESIGN
PRACTICES, OPERATIONS AND SAFETY

Appendices A-F of National Cooperative Research Program Report 375: Median
Intersection Design do not appear in the printed version of the report. These six appendices are
available through a loan from the NCHRP. They are entitled:

Summary of Questionnaire Responses from State and Local Agencies

Field Observational Studies at Divided Highway Intersections

Evaluation of Accident Histories at Field Observational Sites

Evaluation of Statewide Accident Data for Divided Highway Intersections
Effect of Median Width on Traffic Operations at Signalized Intersections

Sight Distance Implications of Off-Setting Left-Turn Lanes at Divided Highway
Intersections

mHoaow e

Five of these six, Appendices A-E, are briefly summarized below. The purpose of this
summary is to provide the reader with some of the relevant information in those appendices. The
information here may also be useful so that one can determine whether to borrow those
appendices from NCHRP.

NCHRP 375 APPENDIX A - SUMMARY OF QUESTIONNAIRE RESPONSES FROM
STATE AND LOCAL AGENCIES

State Highway Agencies

43 responses of 50

Minimum Median Widths - Rural 3-64 ft. (41% greater than 30 ft.)
- Urban 1-30 fi. (57% 10ft. or less)-37 states

Desirable Median Widths - Rural 18-84 ft. (63% greater than 50 ft.)
- Urban 9-64 ft. (35% greater than 30 ft.) — 33 states

Maximum Median Widths - Rural 25- 300 ft. (36% greater than 100 ft.)- 22 states
- Urban 16- 101 ft. (71% 50 ft. or less)- 20 states

31 of 38 states consider the effect of median width on intersection operations when choosing the
median width.

One state uses median widths of 150 ft. at intersections to create a dual intersection operation.
50% of the reporting agencies indicated that storage considerations affect the width of the
median.

Left-turning vehicles and safe separation are also considered in median width design.
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SPECIAL PROVISIONS

Bicycles- 9 states
Pedestrians- 18 states
Left-turn Lanes-30 states
Indirect LT- 4 states
U-turns- 17 states

Other vehicle types- 6 states

10 state highway agencies intentionally design narrow medians to prevent storage of left-turning
and crossroad vehicles in the median. 19 states have encountered operational or safety
difficulties with these medians.

Medians were narrowed to increase capacity and operational efficiency, and to reduce the
required right-of-way.

Vehicle overhang, inadequate U-turn space, and through-lane encroachment. Many states stated
that the narrow medians were only a problem where left-turn lanes did not exist. Additional
problems were lack of refuge areas and inability for expansion.

Signalized intersections at narrow medians cause problems with signal placement, pavement
markings, left-turn treatments, and signal timing issues.

6 state agencies indicated that their policies account for the difference between signalized and
unsignalized intersections.

77% of the responding states indicated that they are satisfied with their current design policies.
Many indicated that the median policies were too broad and needed to be more specific, in every
aspect of the design. 8 states reported that changes are being considered to their median design
policy.

Local Highway Agencies
19 responses of 51

7 use design policies in AASHTO Green Book
5 have created their own policy

5 use the state policy

9 have no formal design policy

(some overlap of answers)

Minimum widths- 1.5 to 50 ft.

Desirable widths- 8 to 60 ft.
Maximum widths-12 to 110 ft.
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11 agencies make some estimation of queuing requirement for left turns in designing median
widths.

88% of the local agencies have guidelines regarding left-turn lanes
42% consider bicyclists

63% consider pedestrians

63% consider U-turns

36% consider driveway median openings

52% consider larger vehicle types

2 agencies intentionally design narrow medians, these and 4 others have encountered operational
and safety problems at medians that are too narrow.

5 local agencies reported operational and safety problems with wide medians.

The problems with wide medians involved left-turning vehicles blocking each other’s sight lines
and driver confusion when entering the median area to turn.

Nearly no local agencies differ their policies between signalized and unsignalized intersections.

94% of the local agencies were content with their current guidelines for median width. 3
agencies were considering to their median policies.

NCHRP 375 APPENDIX B - FIELD OBSERVATIONAL STUDIES AT DIVIDED
HIGHWAY INTERSECTIONS

40 study sites

-20 rural four-leg intersections
-8 suburban four-leg unsignalized intersections
-6 suburban four-leg signalized intersections
-6 special feature intersections

2 with tapered offset LTL

1 with parallel offset LTL

2 with median acceleration lanes

2 three-leg intersections

Field studies states were California, lowa, Illinois, Kansas, Maryland, Missouri, New Jersey,
Pennsylvania, Texas, and West Virginia.

Major road was a divided highway and the minor road was an undivided highway or street in all
cases.
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Characteristics of Intersections

Rural Unsignalized Intersections

Uninterrupted flow on major road and STOP control on minor road approaches.

8 intersections had amber warning signals on the major and red signals on the minor road.

Major roads were four-lane divided highways with speed limit of 55 mph and minor road were
two-lane undivided highways.

Median roadway control methods:

- 7 with STOP control

- 7 with YIELD control

- 6 with no control

- Rural special feature sites had no median roadway control

Median widths varied from 30 to 144 ft, and all were depressed, unpaved medians.

Turn Lanes:

Major road LT lanes: 16
Major road RT lanes: 11
Minor road LT lanes: 2
Minor road RT lanes: 2

Suburban Unsignalized Intersections

All the suburban sites had major road uninterrupted flow and STOP control on the minor road
approaches. Geometric configurations were the same as for the rural unsignalized intersections.

The major road speed limits were 50 and 55 mph.
Median widths roadway control:

- 4 intersections with YIELD control

- 4 intersections with no control

Median was of both the depressed and raised variety.
Turn Lanes:

Major road LT lanes: 7

Major road RT lanes: 5
No minor road LT or RT
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Suburban Signalized Intersections

There were 2 or 3 through lanes per major approach, and 1 or 2 through lanes per crossroad
approach.

Major road speed limits ranged from 45 to 55 mph.
Sites included raised and depressed medians.
Median widths ranged from 16 to 207 ft.

4 sites were signalized as a single intersection, with the other two sites designed as a double
intersection with medians of over 200 ft.

Turn Lanes:

Major road LT lanes: 4
Major road RT lanes: 3
Minor road LT lanes: 1
Minor road RT lanes: 4

Special Feature Intersections

3 rural unsignalized
3 suburban signalized

Specific special features are stated in the opening of this summary section.

Study Results

Turning Behavior

Rural Unsignalized Intersections

Median widths less than 50 fi.- left turn movements tend to occur in front of one another.
Median widths greater than 50 fi- left turn movements occur behind one another (nearly all).
Suburban Unsignalized Intersections

Median widths less than 50 ft.—nearly all LTs turned in front of one another.

Median widths greater than 50 ft.- LT turned in front also (LT channelization exists)
Undesirable Driving Behavior on Median Roadway

Side-by-side queuing on the median roadway by vehicles traveling the same direction

Stopping at an angle on the median roadway
Encroachment on the through lanes of the major roadway.
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General Driving Movements and Undesired Behavior Frequency

Major road left/ Major road left same approach- 25.5% of undesired maneuvers
Crossroad left/ Crossroad left same approach -10.2%

Major road left/ Major road left opposite approach- 8.7%

Crossroad left/ Major road left from right approach- 8.1%

Crossroad through/ Crossroad left same approach-5.0%

Crossroad left/ Cross through from same approach- 4.5%

Major road left/ Crossroad left from left approach-4.3%

Crossroad through/ Major road left from right approach- 4.1%

64.3% of undesired maneuvers involved vehicles traveling in the same direction
35.7% involved vehicles traveling in the opposite direction

Most common source of undesirable behavior appears to be competition for space between
vehicles traveling in the same direction through the median.

Median Width and Median Opening Length Effects
Rural Unsignalized Intersections:

Undesirable movements tend to decrease as median width increases- correlation is weak,
though, and is barely significant at 90% confidence. Predominant undesirable movements
is angle stopping.

Rates of undesired movements increase as the median opening length increases. The
relationship is highly significant at 99.9% confidence. Therefore, median opening length
should not be unnecessarily large.

There was a statistically significant inverse correlation between the slenderness ratio
(ratio of median width to median opening) and the number of undesired movements. This
information was not found to be helpful due to the correlations already established
between the median width and the median opening individually.

Suburban Unsignalized Intersections
Undesirable movements tend to increase as median width increases, and the number of
undesirable movements decrease as median opening increases, however it must be noted
that the sample size is small. Angle stopping was the predominant undesired movement.

Traffic Control Devices

11.6 to 42.7% of drivers in the median roadway were noncompliant with the STOP sign control,
where 31 to 39% of drivers made rolling stops. No traffic conflicts resulted from these results.
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Traffic control type was not found to diminish the effects of median width and median opening
on driver behavior.

Signalization Effects

Intersections that operated as a single unsignalized intersection had few undesirable movements,
however, one of the state agencies had difficulty in loop placement and signal system design.

The two wide-median intersection sites that acted as two signalized intersections had troubles
with both angle stopping and major road encroachment, mainly on the median roadway.

Tapered and Parallel Offset Left-Turn Lanes

Undesirable movements at these sites involved backing in the through lanes to get to a missed
turn lane and crossing of the gore area to enter a turn lane after entrance was missed, however,
the frequency of these occurrences was low, and undesirable movements at these intersection in
general were rare.

Median Acceleration Lanes
The median acceleration lanes studied appeared to improve operations by reducing the need for

cars to stop in the median roadway. The rates of undesirable movements were low at each of
these study sites.

NCHRP 375 APPENDIX C - EVALUATION OF ACCIDENT HISTORIES AT FIELD
OBSERVATIONAL SITES

For the rural unsignalized intersections, no significant correlation was found between the median
width and accident rates. The other intersection types had sample sizes to provide a meaningful

result.

The suburban unsignalized intersection with the highest accident rates had a 26 ft. median, and it
is suspected that the narrow median might be a contributing factor to the high accident rates.

Rear-end collisions were the most common at the suburban signalized intersections, however, the
accident pattern is not related to the median area design.

The effects of trucks were not found to be very significant in either number of accidents or by
encroaching onto the major roadway.

The samples were insufficient to provide evidence of a superior left-turn lane design.

The sample of wrong-way accidents was too small to determine the effects of median width on
wrong-way accidents.
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NCHRP 375 APPENDIX D - EVALUATION OF STATEWIDE ACCIDENT DATA FOR
DIVIDED HIGHWAY INTERSECTIONS

California database used for the analysis.

Poison and log-normal regression analyses were used to analyze the accident data from the
database on about 6800 intersections on divided highways.

At rural four-leg unsignalized intersections, it was determined that accident frequency decreases
as median width increases, with the result found to be statistically significant.

No statistically significant relationship was found to exist between accident frequency and
median width at three-leg unsignalized intersections.

At urban/suburban four-leg signalized intersections, accident frequency was found to increase
over median widths for 14 to 80 ft., with the result being statistically significant.

At three-leg urban/suburban intersections, accident frequency was found to increase with
increasing median width, with the result being statistically significant.

NCHRP 375 APPENDIX E - EFFECT OF MEDIAN WIDTH ON TRAFFIC
OPERATIONS AT SIGNALIZED INTERSECTIONS

There are least two possibilities for signalization of an intersection at a divided roadway, wheher
a single intersection signalization design or a diamond intersection signalization design. The
former appears to be more appropriate for narrow medians, while the latter appears to be more
feasible for wide medians.

At single intersection signalizations, delay increases as median width increases.

The breakdown points occur at the following widths to determine whether to use single or
diamond signal design:

- High Volumes: 98 to 148 fi.

- Moderate Volumes: 200 to 300 ft.

- General Case: 100 ft or less for single signal
150 ft. or more for diamond

However, the scenarios presented in the section are not likely to match design situations, due to
forecasting inaccuracies, and so the designer is cautioned to use their judgment.
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APPENDIX 3: CROSSOVERS OF POTENTIAL CONCERN
IDENTIFIED BY MODOT DISTRICTS

Each of the ten MoDOT Districts were asked to identify type 2 median crossovers with
congestion for potential study. The responses to this request are shown in this appendix in the
following tables.

Table C-1: Crossovers of Concern to MoDOT Districts
Table C-2: District 5 Top Crossover Accident Locations without Deceleration Lanes
Table C-3: District 5 Top Crossover Accident Locations with Deceleration Lanes

Table C-4 : District 5 Crossover Accidents
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